Surveillance for evidence of West Nile virus (WNV) infection in taxonomically diverse vertebrates was conducted in the Yucatan Peninsula of Mexico in 2003 and 2004. Sera from 144 horses on Cozumel Island, Quintana Roo State, 415 vertebrates (257 birds, 52 mammals, and 106 reptiles) belonging to 61 species from the Merida Zoo, Yucatan
INTRODUCTION
West Nile virus (WNV; genus Flavivirus, family Flaviviridae) was first reported in the Western Hemisphere in New York in 1999, and since then has rapidly spread across the United States and southern Canada where it has been responsible for > 16,000 reported cases of human disease, > 20,000 reported cases of equine encephalitis, and tens of thousands of bird deaths. [1] [2] [3] [4] [5] In contrast, there has not been a major outbreak of WNV disease in Mexico, despite serologic evidence of widespread WNV activity. [6] [7] [8] [9] [10] [11] [12] The Secretary of Health of Mexico (Secretaría de Salud) has reported 7 human cases of WNV disease in Mexico, and all of these were confined to northern Mexico near the U.S. border (http:// www.cenave.gob.mx/von). In addition, the Secretary of Agriculture, Livestock, Rural Development, Fishing and Food of Mexico (Secretaría de Agricultura, Ganadería, Desarrollo Rural, Pesca y Alimentación; SAGARPA) identified epitopeblocking enzyme-linked immunosorbent assay (ELISA) antibodies to WNV in 1,023 of 3,523 (29%) horses in Mexico in 2004. All were asymptomatic. In contrast, approximately 10% of horses infected with WNV in the United States present with neurologic signs, and the case-fatality rate is nearly 40%. [13] [14] [15] WNV is maintained in cycles between birds and Culex species mosquitoes. [16] [17] [18] [19] Humans, horses and other mammals are typically dead-end hosts. In the United States, evidence of WNV infection has been detected in at least 208 species of birds and 29 species of mammals (Caffrey C and others, http://www.cdc.gov/ncidod/dvbid/westnile/conf/pdf/Caffrey _4_04.pdf). There have also been occasional reports of WNV infections in reptiles. For example, antibodies to WNV were detected in a crocodile monitor lizard (Varanus salvadori) with neurologic signs in a zoo in Maryland (Travis D and others, unpublished data). Moreover, WNV was responsible for significant mortality in farmed American alligators (Alligator mississippiensis) in Georgia during separate outbreaks in 2001 and 2002. 20, 21 The role of reptiles in the epidemiology of WNV is unclear, although recent evidence suggests that American alligators are competent hosts for WNV. 22 We previously demonstrated the presence of WNV in Yucatan State, with antibodies to WNV detected in migratory and resident birds and in horses. 8, 10 However, we have not detected dead birds or horses. In addition, there is no conclusive evidence demonstrating that WNV has caused mortality in birds or horses in Central America, South America, or the Caribbean, despite evidence of WNV activity in these regions. [23] [24] [25] [26] [27] [28] [29] Figure  1 ). Cozumel is a 460 km 2 coralline limestone island approximately 16 km off the east coast of the Mexican mainland. It is a popular tourist destination. The main vegetation is coastal mangrove forest, tropical deciduous forest, and tropical semideciduous forest. The El Centenario Zoo is in the metropolitan area of Merida, the capital of Yucatan State. Ciudad del Carmen is located on Carmen Island, a 37-km-long and 3.2km-wide calcareous-sand barrier island.
Sample population and sera collection. Samples were not obtained as part of a serosurveillance program, but were sent to the Laboratorio de Arbovirologia at the Universidad Autónoma de Yucatán, by the veterinarians or caregivers of the respective animals for arbovirus diagnosis. None of the animals had been vaccinated against WNV. All animals were regularly monitored (usually daily) by their caregivers for signs of WNV-like illness (e.g., fever, ataxia, weakness, seizures, paralysis). There had been no deaths caused by suspected WNV infection at any of the study sites before serum collections. The horses on Cozumel Island were from 2 months to 26 years old, with a mean age of 10 years. The horses, which were used by tourists for horseback riding, had never left Cozumel Island. Serum samples were collected from captive avians, mammals, and reptiles at the Merida Zoo. The Crocodile Farm contained 268 crocodiles, including 42 adults obtained from a crocodile farm in Tabasco State and zoos in Campeche State and Yucatan State. Adults were housed in tanks containing natural flowing water maintained at a temperature of 25-34°C. Blood samples were diluted five-fold using sterile field diluent (phosphate-buffered saline containing 1.5% bovine albumin, 100 units/mL of penicillin, 100 g/mL of streptomycin, 250 g/mL of amphotericin B) and placed on wet ice (4°C).
Epitope-blocking ELISA. Sera were first tested for antibodies to flaviviruses by blocking ELISA as previously described. 30, 31 ELISAs were performed using the WNV-specific monoclonal antibody (MAb) 3.1112G (Chemicon International, Temecula, CA) or the flavivirus-specific MAb 6B6C-1, obtained from the Division of Vector-Borne Infectious Diseases, Centers for Disease Control and Prevention (Fort Collins, CO). The blocking ELISA technique is species independent and does not require species-specific antibodies. The ability of the test sera to block the binding of the MAbs to WNV antigen was compared with the blocking ability of control serum without antibody to WNV. Control sera were obtained from horses and chickens (Vector Laboratories, Burlingame, CA) and American alligators (generously provided by Dr. R. Bowen, Animal Reproduction and Biotechnology Laboratory, Colorado State University, Fort Collins, CO) and were used when testing sera from mammals, birds, and reptiles, respectively. Data were expressed as relative percentages and inhibition values Ն 30% were considered as indicating the presence of viral antibodies. 30 Plaque reduction neutralization test (PRNT). All sera that were demonstrated to contain antibodies to flaviviruses by the blocking ELISA test, and selected flavivirus negative sera, were subsequently tested by PRNT in the Biosafety Level 3 facilities at Colorado State University according to standard methods. 32 PRNTs were done using WNV (strain NY99-35261-11), Saint Louis encephalitis virus (SLEV, strain TBH-28), Ilhéus virus (ILHV, strain Original), and Bussuquara virus (BSQV, strain BeAn-4073). SLEV, ILHV, and BSQV were included in these studies because they occur in Latin America, and are known to react with antibodies to WNV. 16, 33 Viruses were obtained from the World Health Organization Center for Arbovirus Reference and Research maintained at the Centers for Disease Control and Prevention, Division of Vector-Borne Infectious Diseases (Fort Collins, CO). The PRNTs were performed using African green monkey kidney (Vero) cells. Sera were initially tested at a dilution of 1:20. Those that reduced the number of plaques by Ն 70% (PRNT 70 ) were titrated. Titers were expressed as the reciprocal of serum dilutions yielding Ն 90% reduction in the number of plaques (PRNT 90 ). For etiologic diagnosis, the PRNT 90 antibody titer to the respective virus was required to be at least four-fold greater than that to the other flaviviruses tested. The PRNT is the gold standard in arbovirus serology; thus, PRNT results were used to determine the final serodiagnosis.
RESULTS

Seroprevalence of WNV in horses on Cozumel
Island. Blood samples were obtained from 144 horses on Cozumel Island in May 2003. Ninety (62.5%) had antibodies to flaviviruses by blocking ELISA, including 84 (58.3%) positive by the WNVspecific ELISA. The average inhibitions of MAb binding for sera positive by flavivirus-specific and WNV-specific ELISA were 91% and 83%, respectively. Representative serologic data from 24 flavivirus-positive horses are shown in Table 1 . Sera with blocking ELISA antibodies to flaviviruses were examined by PRNT using WNV, SLEV, ILHV, and BSQV. Seventy-five (52.1%) horses were seropositive for WNV by PRNT, 1 (0.7%) was seropositive for SLEV by PRNT, 13 (9.0%) had antibodies to a flavivirus(es) of undetermined etiology, and 1 (0.7%) had no neutralizing antibodies to these flaviviruses ( Table 2) . Seventy-two (96%) of the 75 horses seropositive for WNV by PRNT were positive in the WNV- specific ELISA. The WNV seropositive horses had WNV PRNT 90 titers of 40 (n ‫ס‬ 2), 80 (n ‫ס‬ 4), 160 (n ‫ס‬ 10), 320 (n ‫ס‬ 21), 640 (n ‫ס‬ 18), and Ն 1,280 (n ‫ס‬ 20). The SLEV seropositive horse had an SLEV PRNT 90 titer of 640. All horses appeared to be healthy at the time of serum collections and none had a history of WNV-like illness. All horses remained healthy during the six months that followed.
Seroprevalence of WNV in mammals, birds, and reptiles in the Merida Zoo. Blood samples were obtained from 415 animals in the Merida Zoo, Yucatan State between September 2003 and September 2004. The total included 257 birds (belonging to 46 species, 19 families, and 13 orders), 52 mammals (belonging 11 species, 6 families, and 3 orders) and 106 reptiles (belonging to 4 species, 2 families, and 2 orders) ( Table  3) . Birds most commonly sampled were ruddy ground doves (n ‫ס‬ 44), clay-colored thrushes (n ‫ס‬ 34), and Indian peafowls (n ‫ס‬ 29). Mammalian species most commonly sampled were horses (n ‫ס‬ 16), white-tailed deer (n ‫ס‬ 14), and northern raccoons (n ‫ס‬ 8). Reptilian species most commonly sampled were furrowed wood turtles (n ‫ס‬ 60), red-eared sliders (n ‫ס‬ 39), and Morelet's crocodiles (n ‫ס‬ 6).
Sera from 11 (4.3%) birds and 2 (3.8%) mammals had blocking ELISA antibodies to flaviviruses ( Table 4 ). None of the reptiles had blocking ELISA antibodies to flaviviruses. Seven (2.7%) birds belonging to 5 species and 2 (3.8%) mammals (a jaguar and coyote) were seropositive for WNV by PRNT. The seropositive birds were a black vulture (n ‫ס‬ 2), ruddy ground dove (n ‫ס‬ 2), great horned owl (n ‫ס‬ 1), peacock (n ‫ס‬ 1), and plain chachalaca (n ‫ס‬ 1). One plain chachalaca (ZO-373) had an apparent SLEV infection and another (ZO-372) had antibodies to an undetermined flavivi- rus. There were several disparities between the blocking ELISA and PRNT data. Most notably, a ruddy ground dove (ZO-405) seropositive for WNV by PRNT was negative in the WNV-specific ELISA and a plain chachalaca (ZO-373) seropositive for SLEV by PRNT was positive in the WNV-specific ELISA. All animals were healthy at the time of serum collections and none had a history of WNV-like illness. At the time of writing, none of the animals in the zoo, including those not sampled, had signs of WNV-like illness. Seroprevalence of WNV in farmed crocodiles in Campeche State. Blood samples were obtained from seven adult Morelet's crocodiles in Ciudad del Carmen, Campeche State in January 2004. Six crocodiles were tank mates; the other was held in a separate tank because it had been injured. Six (86%) of the crocodiles had antibodies to WNV by blocking ELISA and PRNT ( Table 5 ). All were tank mates. The injured crocodile had no antibodies to WNV, as determined by both techniques. Four crocodiles had PRNT titers to WNV of 640 and two had titers of 5,120. The latter two crocodiles had PRNT titers to SLEV of 20; all others had titers to SLEV < 20. Antibodies to ILHV and BSQV were not detected in any crocodiles. Thus, six crocodiles were seropositive for WNV. All crocodiles, including those not sampled, showed no signs of illness at the time of the serosurvey and during the three months that followed. None of the crocodiles had a history of illness.
DISCUSSION
We detected neutralizing antibodies to WNV in asymptomatic mammals, birds and reptiles in the Yucatan Peninsula of Mexico. Of particular interest is the high (52%) seroprevalence for WNV in horses on Cozumel Island. Likewise, the SAGARPA reported a high (29%) seroprevalence of WNV in asymptomatic horses in Mexico in 2004. However, unlike the SAGARPA, all animals in our studies were regularly monitored for signs of illness before and after serum collections. In addition, all sera with blocking ELISA antibodies to WNV were further tested by PRNT. Thus, our studies confirm and expand upon the SAGARPA results and demonstrate that a WNV infection can be asymptomatic in vertebrates in Mexico. The WNV seroprevalence in this serosurvey is comparable to seroprevalences reported in several other studies. For example, Quirin and others detected IgG ELISA antibodies to WNV in 68 (50%) of 136 horses in Guadeloupe in 2003. 29 Autorino and others sampled 155 horses from 16 stables after an outbreak of WNV in Italy in 1998. 34 Sixtythree (41%) horses had IgG ELISA antibodies to WNV. The horses with antibodies to WNV were confined to nine stables, and the overall WNV seroprevalence in these stables was 49%.
The seroprevalence for WNV in birds and mammals in the Merida Zoo was 2.7% and 3.8%, respectively. Considerably higher seroprevalences for WNV have been reported in captive wildlife populations in the United States. Approximately 36% of primates sampled at a primate center in St. Tammany Parish, Louisiana in 2002 and 34% of captive birds and 8% of captive mammals sampled in the Bronx Zoo in 1999-2000 were seropositive for WNV. 35, 36 One explanation for the higher WNV seroprevalence in animals in the Bronx Zoo compared with the present study is that many animals in the Bronx Zoo exhibited signs of WNV-like illness, and symptomatic animals were presumably more likely to be assayed for evidence of WNV infection. The Bronx Zoo was located Antibodies to WNV were not detected in any red-eared slider turtles in the Merida Zoo. However, antibodies to WNV and closely-related flaviviruses have occasionally been detected in other turtle species during serosurveys. [37] [38] [39] For example, antibodies to WNV were detected in a Caspian turtle (Clemmys caspica) in Israel. 37 While our studies were in progress, Klenk and Komar reported that red-eared sliders subcutaneously inoculated with WNV do not develop detectable viremia. 40 Our data suggest a high seroprevalence (86%) for WNV in crocodiles in the crocodile farm in Ciudad del Carmen. However, the crocodiles had travel histories and may have been infected with WNV in the neighboring states of Yucatan or Tabasco. A high seroprevalence (70%) for WNV was also observed in farmed Nile crocodiles (Crocodylus niloticus) in Israel in 2002. 41 However, since the sample populations in the Mexican and Israeli serosurveys were small (n ‫ס‬ 7 and 20, respectively), much larger studies are needed to provide more precise estimates of the WNV seroprevalence. No signs of illness were observed in any crocodiles in these two serosurveys, whereas > 1,250 alligators died during the WNV outbreaks in Georgia. 20, 41 There are a number of possible explanations for the absence of WNV-associated illness in vertebrates in Mexico. Pre-existing immunity to other flaviviruses may provide partial protection to WNV infection. 42, 43 For example, dengue viruses (DENV) are endemic in many regions of Mexico, and in areas such as Merida DENV seroprevalence rates in humans may be > 80%. 44 However, pre-existing immunity to DENV does not account for the apparent lack of WNVassociated equine and avian mortality in Mexico because DENV does not usually replicate in non-primate vertebrates. 45 It is unlikely that antibodies to SLEV, ILHV, or BSQV are conferring resistance against subsequent WNV infection. The prevalence of these virus infections in this study, and in other recent arbovirus surveillance studies in the Yucatan, was low. 8, 10, 24 However, antibodies to a different, unrecognized flavivirus may provide protection from disease during subsequent WNV infection.
The absence of WNV-associated illness in southern Mexico may also be due to infection with an avirulent strain of WNV or a closely related flavivirus. An attenuated WNV may have emerged in the Yucatan Peninsula. In this regard, certain plaques obtained from a WNV isolate from Tabasco State in southern Mexico (denoted as TM171-03) were attenuated for mouse neuroinvasiveness and neurovirulence. 7, 46 Several WNV isolates from Texas with small plaque and temperaturesensitive phenotypes were also attenuated for neuroinvasiveness in mice, although none were attenuated for neurovirulence. 47 There are limited sequence data for WNV in Mexico. TM171-03 has been completely sequenced, and three WN viruses from northern Mexico have been partially sequenced. 46, 48, 49 The isolation and characterization of additional WNVs in Mexico is needed to address these issues. Alternatively, animals considered seropositive for WNV may have been infected with a closely related virus not included in the PRNT analysis, rather than with WNV.
Finally, the relative lack of WNV-associated mortality in vertebrate hosts in the Yucatan may also be attributed to differences in biodiversity between the United States (and northern Mexico) and the Yucatan. The species composition and susceptibility of hosts and vectors in the two regions may differ dramatically. For whatever reason, the introduction of WNV into the Yucatan has not yet resulted in observed morbidity and mortality in humans, horses, and birds as occurred in the United States. Elucidation of the mechanisms that have conditioned the differences in the epidemic and epizootic potential of WNV in the Yucatan and other countries in Central America would be a significant contribution to public health.
